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FOREWORD

.

This manual provides the necessary background for successful operation
of the Single Expansion Plug Nozzle Design computer progran. The manual
was prepared under Contract NAS9-2487, Digital Computer Programs for
Rocket Nozzle Design and Analysis, with the NASA Manned Spacecraft Center,
Houston, Tewas, and is the fourth of seven volumes spccified in Part I

of the contract.
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ABSTRACT

.

The necessary information for successful operation of the
Expansion Plug Nozzle Design computer program is presented in
Design criteria for the construction of a perfecct plug nozzle

order of calculations of the computer program is given with a

PWA FR-1021
Volume IV

Single
this manual.
and the

discussion

and flow diacram of cach subroutine, The input required by the program

is described and a sample output given.

No attempt is made to derive the equations used by the program. A

general derivation of the basic equations, along with applications, is

given in Volume 1 of this report.
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SECTION I
INTRODUCTION

The Single Expansion Plug Nozzle Design computer program constructs
the superscnic nozzle contour of a perfect plug nozzle and calculates the
‘corresponding performance. The method of characteristics for steady,
supersonic potential flow is used in constructing the flow field. Thermo-
dynamic properties can be based on either an ideal gas, where the gas
properties of the combustion products are known, or approximated by a

perfect gas.

Design criteria and a detailed description of the order of calculations
is presented herein. Each of the subroutines used in the program is dis-
cussed and flow diagrams are given for clarification. The input and out-
put formats for the program are included with reccommended procedures to

take in the event of unsuccessful runs.

Construction of the contour for a perfect plug nozzle requires that
the throat flow be expanded to a uniform flow at the exit. However, the
length and weight of such a nozzle may be excessive for use in any vehicle.
Since a thrust loss of about 1% is obtained when the perfect contour is
truncated by 90%, a significant reduction in weight can be obtained with
a very small reduction in performance by simply truncating the perfect

plug nozzle contour.
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SECTTION II
TECHNICAL DESCRIPTION

In the design of a supersonic plug nozzle the throat flow is expanded
to an axial direction in a mananer such that uniform, shock free flow is
obtained at the exit of the nozzle. The gas model and exit Mach number
of the nozzle are the only parameters needed to construct the perfect
nozzle contour when the location of the evpansion point on the end of the
afterbody section is specified. The wmethod of characteristics for two-
dimensional or axisymmetric potential flow is used to construct the neces-

sary flow field.

The main program of the deck is used to control the order of calcula-
tions, whilce calculations such as determining the fluid properties at an
interior point of the {low field or performance pavameters along the con-
structed nozzle contour are made in subroutines that are "called" by the
main program or other subroutines. The functions of the main program and
calculations made therein are described in Paragraph B, and descriptions

of the individual subroutines are given in Paragraph C.
A. DESIGN CRITERIA

A typical perfect single expansion plug nozzle contour is shown in
figure 1. Expansion occurs along the entire supersonic nozzle contour,
C;Cy, with the point of expansion, Py, located at the end of the after-
body section. Since all parameters arc nondimensionalized within the

program, the point Py is considered to be at location (0,1).

11-1
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1. Gas Model

In many cases, the thermodynamic properties of the nozzle exhaust may
be approximated by assuming a perfect gas; in which case onlv the specific
heat ratio, v, must be input and the thermodynamic properties are calcu-
lated using perfect gas relationships. For this condition, the local

velocity is nondimensionalized with respect to the maximum velocity (quy),
nax

1

and the critical velocity ratio (i.e., where M 1) and density ratio at

the throat are

W — _sonic ic - l:_]_
‘sonic T Y+1
max
and

sonic 2 ¥-1
—— = 1 - W :

¢ sonic

o .

The flow field for an ideal gas (usually equilibriuwm or frozen flow) may

be calculated by specifying the thermodynamic properties (in tabular form)
as a function of specific impulse. These properties may be obtained from
conventional one-dimensional combustion programs®, and consist of pressure,
density, local frozen sound speed (optional), and specific impulse. The
SONICP Subroutine "beem fits'" these properties as a function of specific
impulse and determines the sonic velocity and density at the throat., The
ljocal velocities are then nondimensionalized with respect to the sonic
velocity and the thermodynamic properties are beam fit as a function of

the velocity ratio.

%*Zelenik, ¥. S., and S. Gordon, NASA TN D-1454, "A General IBM 704 or 7090
Computer Program for Computation of Chemical Equilibrium Cémpositions,

Rocket Performance, and Chapuan-Jouquet Detonations',

1
o
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2, Design Mach Number

Although parameters such as the nozzle arca ratio, design pressure
ratio, or the wass flow rate through the nozzle may be used to describe
the exit conditioms, this program uses the Mach number at the exit of
the nozzle. When used in conjunction with the gas model and the location
of the end of the vehicle afterbody, this parameter uniquely defines the
supersonic plug nozzle contour. The input parameter used to describe the

design Mach number is EM,
B. FLOW FIELD CONSTRUCTION

The first function of the main program is to call the INPUT Subroutinc,
which initializes parameters and reads in the input data. After calculating
the velocity ratio at the exit and throat of the nozzle, the mass flow
through the nozzle is calculated from [: Vv A]E' The exit Mach line is
then constructed using segments of equal length with uniform properties
along the line and the accumulated mass flow from P1 (figure 1) calculated

at eacl point,

The exit Mach line is not extended to the axis of symmetry, since, for
axisvrmetric flow, numerical difficulties arise due to an indetecrwminate
term at Y = 0 in the compatibility equations. Thercfore, a cylinder of
very small radius is placed around the axis (figure 1). This cylinder
permits the solution to be approximated quite accurately, while climinating
the instabilities that may occur when trying to determine the limiting
value as Y —=0. Although this procedure is not required for two-dimen-
sional flow, it is usually used to eliminate problems that way arise

when calculating succeeding down Mach lines.

II-4
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The throat area is a function of the mass flow, and is calculated by

@

r oz =
. A p W

sonic sonic

To begin the flow field construction, the flow at the end of the vehicle
afterbody is compressed through a small increment of velocity using the
procedure in EXPAND Subroutine. From the expansion point, a down Mach line
frowm Bl to Bn-l (figure 2) is constructed by calculating the interior point
intersections with up Mach lines from the points on the exit Mach line.

The accumulated mass flow at each interior point is obtained by summing
the mass flow across each up Mach line to the exit Mach line with the
accunulated mass flow at the corresponding point on the exit Mach line

(i.e.,A1A3Bq). A point on the plug nozzle contour is then obtained by
2

calculating the intersection of the streamline through A and the dowm
- n

Mach line B] Bn—l (PLUGPT Subroutine).

Plug Contour Point

B - _ -

- Figure 2

I1-5
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This procedurc is used in constructing the first five down Mach

lines, after which, the interior point intersections are calculated until
the accumulated mass flow integrated along the down Mach line exceeds the
total mass flow through the nozzle. The contour point is then determined
by linear interpolation. The construction of new down Mach lines is con-
tinued until (1) the velocity at the compression (or expansion) point is
equal to the throat velocity, {(2) the flow becomes subsonic along the down
Mach line, or (3) the Y coordinate along the contour exceeds the value

of 1.

Having constructed the entire plug contour, the PERFO Subroutine is

used to calculate and print the following performance parameters:

1. X/R

2. Y/R

3. TAN THETA (Contour Slope)

4. MACH NO.

5. P/PC (Local static pressure/chamber pressure)
6. GAMMA (Specific heat ratio)

7. AS/A% (Local surface area/throat area)

8. CTG (Gross thrust coefficient)

9, CTN (Net thrust coefficicent),

(o))

II-
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C. SURROUTINES

Since most of the subroutines are used wany times in constructing a

) flow field or calculating performance, they are discussed individually in
: this section. The purpose of each subroutine, the cquations used, and
flow diagrams are given.
1. 1INTX Subroutine
Under certain conditions, the numerical solution of the characteristic
system becomes difficult or impossible in determining the intersection of
an up and a down Mach line. These conditions may occur if the slope of
one or both of the Mach lines is extremely large or small. The problem
can be eliminated by rotating the coordinate axis when solving the
physical c¢haracteristics, and by ﬁodifying the axisymmetric term in the
compatibility equations. The physical characteristic equiations are in-
variant under this transformation. The INTX Subroutine performs the func-
tion of determining if rotation is needed, the form required for the
axisymmetric term, and calls one of the following subroutines:
INT1 Subroutine - No rotation is used and the axisymmetric term
of the compatibility equations for both up and
down Mach lines use the differential dX.
INT? Subroutine - The coordinate system is rotated and the axi-
- symmetric term of the compatibility equations

for both up and down Mach lines use the dif-
ferential dX (for an up or down Mach line with

very small slope).

I1-8
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INT3 Subroutine - The coordinate system is rotated and the axi-

' symmetric term of the cowpatibility equations

for both up and down Mach lines use the diff-

- erential dY (for an up or down Mach line with

very large slope).

INT4 Subroutine - The coordinate svstem is rotated and the awi-
symmetric term of the up Mach line uses dX
and the down Mach line dY (for an up Mach line
with very small slope combined with a down Mach

line with very large slope).

INT5 Subroutine - The coordinate system is rotated and the axi-
symmetric term of the up Mach linc uses dY
and the down Mach line dX (for an up Mach line

with very large slope combined with a down Mach

line with very small slope).

The coordinates and flow conditions (W, tan 8§, and tan «) at the
points on an up and down Mach line must be stored into the variables

A(I) and B(1), respectively.

II-9
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Subroutine INTX

FROLaiN = 218
TEMPL a3« A%
TEMEI = 1 «a{lwA{s
TEMEPY = RGPS
TEMEA 21 b I

643007
FD 8921

11-10
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2. NI1 Subroutine

Given the coordinates and flow conditions (W, tan B, and tan ¢) at
two points in the flow field not on the same Mach line, the INT1 Subrou-
tine determines the coordinates and flow conditions at the intersection
of an up Mach line from one point, and a down Mach line from the other.
The known coordinates and flow conditions at points 1 and 2 nust be
stored into the variables A(I) and B(IL), respecctively. The corresponding

properties at the interior point, 3, (figure 3) will be stored in the

variable C(I).

Down Mach Line

Up Mach Line

Figure 3

Written in finite difference form, the characteristic system 1is

Xy - X))

B tan § + tan ~
1 - tan ¢ tan O

1

o

and (2.1)

_ - tan § ~ tan g _
¥y - Yy [1 ¥ tan o tan 6, (X3 - X505

1 1 tan  tan B
(W, -W )[ ] -(tan @ -tan 6§ )[ ] = 7[ : - J (X.,-X,)
3 17l W tan « 1 3 1 1+tan2 8 . (l-tan ¢ tan Q)Y 1 371
and (2.2)

1 1 tan ¢ tan B
W,-W — 1 4t -t ) = - LX)
Wy Z){V Can alz (tan g4-tan 62’[“”“2 é]z [(l+tan % Ltan s)y]z(xj X))

The subscripts 1 and 2 indicate that the quantities in brackets are

evaluated at these points,

II-11
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the ceordinates at point 3

_|_tan g + tan X - |_tan A - tan o .
Yl [1 - Ltan 7 tan 6]1 1 YZ%[I 4+ tan » tan équ2
X3 = ~
tan 8 - tan o . tan B8 + tan
1 + LzmaLanB,) 1 - LszLane]
and (2.3)
b v ] e tan 8 - tan
13 - 12 F (XJ XZ) [1 + tan & tan 6]9'
Flow conditions NB and tan 83 are then obtained from the simultaneous
ti [ ¢cquati 5
solution of equations (2.2). Kl + K,
Wy = : =
1
g w2 Rl vt Eprorr
W tan ¢ ) 1 + tan”™ 8 ) W otan 1 1 + tan @ 1
and (2.4)
1 ’ 1
t: = ¥ \ - " .
an 63 2 + h3 [w tan u] '[l-+ tan- 8] ’
L 1
where: 1 tan ¢ tan §
Wotan o, (I+tan o tan 6)Y{,
Ky = tan ) + W) ===+ = (X3 - X)) T
2 2
l+tan © ) I+tan™8 )
and
1 __tan ¢ tan 6
W tan (1-tan « tan 8)Y 1
K2 = tan 61 - wl _::TH- + = (X1 - X3) T
)
1+tan26 1 Htan g 1

The tangent of the Mach angle (tan 03), which is a function of Wy, is

deterwined by the procedure described in TAGAL Subroutine for an ideal

gas or by the procedure in the PRFCT Subroutine fer a perfect gas,

11-12



Pratt & Whitney Rircraft
PWA FR-1021
Volume 1V

Since the evaluation of equations (2.3) and (2.4) gives first approxi-

mations to X3,.Y3, tan 93, w3, and tan g5 improved solutions are obtained

by replacing the quantities in brackets with average values; that is,

replace tan § + tan « b
prac l-tan ¢ tan B 1 Y

tan ¢ + tan - B 1/2 tan € + tan . tan § + tan &
l-tan o tan ¢ < l-tan ¢ tan § l-tan o« tan 8
1,3 1 3

This procedure for obtaining the improved solutions is repeated until

successive values of X3 are within a specified tolerance.

II-13
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Subroutine INT 1
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3, 1INT2 Subroutine

Given the coordinates and flow conditions (W, tan @, and tan o) at
two points in the flow field not on the same Mach line, the INT2 Subroutine
determines the coordinates and flow conditions at the intersection of an
up Mach line from one point and a down Mach line from the other point,
vhen the slope of either Mach line is very small. The known coordinates
and flow conditions at points 1 and 2 must be stored into the variables
A(I) and B(I), respectively. The corresponding properties at the inter-

section point, 3, (figure 4) will be stored in the variable c(I).

2 s

2 /
Down Mach Line-—

3
4 Up Mach Line

(a) (b)

Figure 4

The characteristic system is the same as for the INT1 Subroutine
(equations 2.1 and 2.2), except that the coordinate axes are rotated.

The coordinate transformation is given by the following:

X' = X cos ¥+ Y sin ¢
Y' =Y cos ¢ - X sin 9,

and (3.1)
tan 8' = (tan 8 - tan ¢) + (1 + tan O tan ¥)

where:

the prime indicates the rotated value and & the angle of rotation.

II-15
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Solving the physical characteristics (equation 2.1) simultancously
using the rotated values, the coordinates at point 3' are determined.

The coordinate axes are then rotated back teo their original position, and

the flow conditions w3 and tan 63 are obtained as in the INT1 Subroutine.

I11-16
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4. INT3 Subroutine

Given the coordinates and flow conditions (W, tan §, and tan &) at
two points in the flow field not on the same Mach line, the INT3 Sub-
routine determines the coordinates and flow conditions at the intersec-
tion of an up Mach line from one point and a down Mach line from the other
point, when the slope of either Mach line is very large. The known co-
ordinates and f{low conditions at points 1 and 2 must be stored into the
variables A(I) and B(I), respectively. The corresponding properties at

the intersection point, 3, (figure 5) will be stored in the variable C(I).

Down Mach Line

1

-+ Up Mach Line \\\
3

(a) (b)

Figure 5

The characteristic system is the same as for the INT1 Subroutine
(equations 2.1 and 2.2), except that the axisymmetric term of the com-

patibility equations have the form

tan ~ tan €
al}tan 8 + tan @) Y]l (YB B Yl) (4.1

for an up Mach line, and

tan ¢ tan 8
S Y, - Y 4.2
[(tan 6 - tan o) Y]Z ( 3 ) ( )

for a down Mach line.

I1-18
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Because numerical solution of the physical characteristics is extremely
difficult when the slope of a Mach line is very large, the coordinate axes

must be rotated. The coordinate transformation and the calculation of flow

conditions are the same as presented in the INTZ Subroutine.

II-19
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Subroutine INT3
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S. INT4 Subroutine

.

Given the coordinates and flow conditions (W, £an B, and tan @) at
two points in the flow field not on the same Mach line, the INI4 Subroutine
determines the coordinates and flow conditions at the intersection of an
up Mach line from one point and a down Mach line from the other point,
when the slope of the up Mach line is very small and the slope of the
down Mach line very large. The known coordinates and flow conditions
at points 1 and 2 must be stored into the variables A(I) and B(I), respec-
tively. The corresponding properties at the intersection point, 3, (fig-

ure 6) will be stored in the variable c(1).

| 2

«——Down Mach Line

Up Mach Line
1 \ 3

Figure 6

The characteristic system is the same as in INT1 Subroutine (equa-
tions 2.1 and 2.2), except that the axisymmetric term of the compatibility

equation for the down Mach line 1is

tan ¢ tan 8
° [(tan 8 - tan @) Y]? (Y3 - YZ)‘ (5.1)

Because numerical solution of the physical characteristics is extremely
difficult when the slope of a Mach line is large, the coordinate axes must
be rotated. The coordinate transformation and the calculation of flow

conditions are the same as presented in the INT2 Subroutine.
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6. INI5 Subroutine
Given the coordinates and flow conditions (W, tan 6, and tan @) at two
points in the flow field not on the same Mach line, the INT5 Subroutine
determines the coordinates and flow conditions at the intersection of an
up Mach line from one point and a down Mach line from the other point, when
the slope of the up Mach line is very large and the slope of the down Mach
line very small. The known coordinates and flow conditions at points 1 and
2 must be stored into the variables A(I) and B(I), respectively. The cor-

responding properties at the intersection point, 3, (figure 7) will be

stored in the variable C(I).

Down Mach Line «—Up Mach Line

b1

Figure 7
The characteristic system is the same for the INT1 Subroutine (equations
2.1 and 2.2), except that the axisymmetric term of the compatibility ecqua-

tion for the up Mach line is

[tan o tan 6 ]1 (Y3 _ Yl)' (6.1)

(tan 6 + tan &)Y

Because numerical solution of the physical characteristics is extremely
difficult when the slope of a Mach line is large, the coordinate axes must
be rotated. The coordinate transformation and the calculation of flow con-

ditions are the same as presented in the INT2 Subroutine.
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7. EXPAND Subroutine
The EXPAND Subroutine calculates the flow properties at a point after

the flow has been compressed by an increment in the velocity ratio (figure

8). The slope, tan GC’ of the compressed velocity ratio, W., is found

Figure 8
by integrating
2
d(tan #) _ 14 tan 8 f(w, tan 0). (7.1)

dw W tan ¢
Using the method of Runge-Kutta over ten intervals,

let W

and

tan 91 = tan BA

Solve equations 7.2 to 7.8 as j = 1, 10.

K, = f(wj, tan Gj)h (7.2)
K, = f(wj + h/2, tan ej + K1/2)h (7.3)
Ky = f(wj + h/2, tan ej + K2/2)h (7.4)
K, = f(wj + h, tan ej + K3)h (7.5)
A(tan 6) = 1/6(1(1 + 2K, + 2K, + Ka) (7.6)
tan 9j+1 = tan Gj + f(tan B) (7.7)
wj+1 = wj + h (7.8)
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The properties corresponding to WC are
. We =¥
tan o = £U%9
tan GC = tan 611,
and are stored in the variable C(I). Since the compression occurs about

a sharp corner, the X and Y coordinates remain unchanged.
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CONTING

Twid
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SOELT{N ¢ DELTON « GFELE(5 +
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CALL TAGAL
T8, €18, TEST
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8. PLUGPT Subroutine
The PLUGPT Subroutine is used to determine contour points by calculating

the intersections of a down Mach line with the streamline corresponding to

the total mass flow through the nozzle,

Line 2

Contour Stresmline
Figure 9
Before entering this subroutine the total mass flow must be stored in
TMFLOW; the mass flow between the expansion point and peint 1 must be in
AMFLOW; and the flow conditions at points 1 and 2 must be in B(I) and
BL (NUM, I), respectively. The caiculated values at point 3 are stored in

c(1).

The necessary first guess of tan 83 is the slope of the streamline at

the last calculated point on the contour.

By solving simultaneously the physical characteristic equation and the

equation of the streamline, the coordinates at point 3 are calculated by

r tan B - tan z
Yl. Y?. + XZLtan 6]2 Xl[} + tan ¢ tan Q]]

X, = 7 ] ’ (8.1)

3 tan § - tan o
[tan 6]2 [1 + tan ¢ tan B 1

and

o]
I

3 Y2 + (X3 - XZ) [tan 9}2. (38.2)
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The velocity at point 3 is
! _ 1 tan o tan £
(tan 93 - tan Gl) 5 G(Y3 Yd) Ltan 0 - tan U)%]l ,

1 + tan" 6 1

3 1 1
Wt
an o |,

an ¢, = W.). iy
tan i f( 5) (8.4)

(8.3)

and

Improved solutions to these equations are obtained by replacing the
quantities in the brackets that are subscripted 1l with average values, and

repeating the calculations until

i i-1
X, - X, < 0.0000001,
and
w,' - w, "M < 0.0000001
3 3 < 0. 1.
Obtaining a new value for tan 83 and replacing [tan 9]2 with the
average valuc, [tan 6] the above procedure is repeated until the

J2’3)
calculated mass flow between points 1 and 3 is equal to |TMFLOW - AMFLOW

within the optional input tolerance, TOIMF,
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Subroutine PLUGPT
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The PRFCT Subroutine is made up of four perfect gas relationships,

which are a function of velocity ratio and a constant specific heat ratio.

ceither tan ¢,

pressure, or

ratio of static to total density,

Mach number,

The folloving equations are evaluated by the

tan

(@

M

|-
B 2 (w + 1) R (L
v - 1
1
- 1 -w T (L
\Y‘
= 1 - wzﬁ vl (L

(L

Depending on the value of the parameter (L), this subroutine calculates

ratio of static to total

PRFCT Subroutine,.

0)

1)

3)

The following is an explanation of the subroutine call list,

1

TEST

Indicates parameter to be calculated

The known or input value of velocity ratio V/Vm

I1-31
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Variable that will contain the calculated value

An error signal in case of a subsonic velocity.
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Subroutine PRFCT

ENTEK

1.
T =(L. -Q%) GAMMA = 1.

T =[1. ~Q2] CAMMA - 1.

>
1. -0~

T = GAMMA + 1, 2
A Q-
CGAMMA - 1

[
T =Carida -1, ¢ a
[

TEST = 0.

640506
FD 8555
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10. TAGAL Subroutine

.

For an ideal gas, the TAGAL Subroutine is used to calculate tan & as

a function of a known velocity ratio (W = V/V<onic)' For the option where

the local frozen sound specds f{rom the table of gas properties are not used,

1
tan « = S .
2 2 (d;/dh) .
sonic AP/ dW

A beam fit evaluation of the gas properties is necessary to deterumine

the values of d:;/dW and dP/dW.

If the local frozen sound speed option is used, then

1

tan » = 5 »
v Wiel® -1

sonic
where the local frozen sound speed (c) is also determined from a beam fit
evaluation of the gas properties table.

The following is an explanation of the subroutine call list.

WVALU - The known value of velocity ratio

TVALU Value of tan & corresponding to WVALU

TEST

A signal that the input velocity ratio is subsonic. If

TEST = -1, subsonic; TEST = 0, supersonic.
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Subroutine TAGAL

FROZVEN

CALL BMEVAL
RO & ROPE vf WVALU:

CALL BNMEVAT
TPRESS LOPE 9 WVALU ]

|

YVALL = 1L JIWSOC2 ROPE - W YALLY 1y

i

CALL BLIEVAL
TSS A DVDW s WVYALU]

YVALU = b j{wsaes SVALim
=
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11. SONICP Subroutine

For an ideal gas, the SONICP Subroutine is called to adjust the units,

determine the sonic values, and "beam fit" gas properties., Corresponding

s 3
values of specific impulse,-lg§gigg ; density, 1bm/ft ; pressure,

(lbf/inz); and local frozen sound speed, (ft/sec), must be stored into

variables W(L), RO(L), P(I), and VS(I), respectively.  The subroutine
1bf sec% .
fet

I1{ the program is to calculate local sound speeds, the pressure and

2 )
converts the units of pressure to 1bf/ft” and density to

density is beam fit as a function of specific impulse to calculate the
sonic velocity at the throat. The sonic IS is first brackcted by two values

of specific impulse and a halving process is used until

dp/dI 5
dg /4t " Vionic * 000001,
where:
V . /g is the value of I_ at which dP/dI_ and do/dI are evaluated.
sonic’ 0 S s s

The velocity and density at this point are stored into variables SONICV
and RHOSON, respcctively. All of the specific impulse values are converted
to velocity ratios by dividing each one by the sonic IS. The pressure and

density is then beam fit again as a function of velocity ratio.

For the option where the local frozen sound speeds are used, the curve
of ¢ vs W is beam fit for the purpose of evaluating the local speed of
sound throughout the flow field. Also, the iteration to determine the
sonic velocity at the throat is eliminated because this value is given in

the input,
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12. REALV Subroutine
For an ideal gas, the REALV Subroutine calculates the velocity ratio

(W) for the Mach number given in the call list. The corresponding value

of tan o is calculated by

tan ¢ = 1.0/ M2 -1

An iteration is necessary to determine the velecity ratio. This is
accomplished by using the TAGAL Subroutine for increasing values of W to
calculate the corresponding values of (tan U)G until tan ¢ is bracketed.
Knowing the bracketed values of W, a hélving process is used; for each

guess on W, the corresponding value of (tan Q)G is calculated until

(tan a)G = tan ¢ * 0.00005

I1-37



Pratt & Whitney Rircraft
PWA FR-1021

Subroutie REALV Volume IV

PRINT GUT * TANCENT Al PHA
NEGATIVE [% REALV SURROLT(NE
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13. MFLOW Subroutine

The MFLOW Subroutine calculates the mass flow between two points along
a down Mach line. After the calculation of the first five Mach lines from
the exit, this subroutine is called at cach interior intersection in the
femainder of the flow field construction to determine when the accumulated

mass flow along a down Mach line has exceeded the total mass flow through

the nozzle.

To calculate the mass flow for axisymmetric flow,

T
1+ tan O Z'Y)(IY. (13.1)

"

o= oW tan o
( tan O - tan «

For two-dimensional flow, the 27Y term is eliminated.

The known conditions at points 1 and 2 must be stored in variables

B(I) and C(I), respectively.

Previous Dowm

. \
Down Mach Line Mach Line

Under Constructio

2

Figure 10

The increment of mass flow between the first two points on the Mach
line, which is indicated by the value in N4, is calculated by traperoidal
integration. In equation (13.1), let Q represent the quantity in paren-

thesis; then the first mass flow increment is found by
+
QZ

Q
a2
&, -( > )(x2 - X)) : (13.2)
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The remaining increments of mass flow, as illustrated in figure 11,

are detcrwined by the parabolic integration of equation (13.1).

Q4 i+l _—

1-Q441

Y
-

o Ay - 2
) MY u&i AQi+1 Y
6 'Y Y + £

> ”Xi “1i+1 uYi

The calculated mass flow is then added to AMFLOW; i the resultant
value is greater than the total mass flow through the nozzle, a point be-
tween points 1 and 2 corresponding to the total mass flow is calculated
by linear interpolation. The coordinates and flow conditions are stored
in C(I) and a signal parameter, TEST, is set equal to one (1.0). If

AMFLOW is less than the total mass flow, TLEST is set equal to zero.
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14, MFLOWT Subroutine
The MFLOWI Subroutine calculates the mass flow between two points on

an up Mach line using trapezoidal integration.

Expansion Point

«—Previous Down Mach Line
Down Mach Line
Under Construction

3 Up Mach Line

Figure 12

The mass flow between points 0 and 1 must be stored in variable AMFLOU,
and the flow conditions at points 1 and 3 must be stored into A(1) and
C(I), respectively. The integral for calculating mass flow along an up

Mach line for axisymmetric {low is

2
. 1 + tan B
= z I - 2 .
© /;w tan ¢ ton 6 + tan o Y dY

For two dimensional flow, the 27Y term is omitted.

The calculated mass flow is then added to AMFLOW; if the resultant
value is greater than the total mass flow through the nozzle, a point be-
tween points 2 and 3 corresponding to the total mass flow is calculated by
lincar interpolation. The coordinates and {low conditions are stored in
C(I) and a signal parameter, TEST, is set equal to one (1.0). TIf AMFLOW

is less than TMFLOW, TEST is set equal to zero.

II-42



AT — e

OPOFE NS

R

| ah i ek i d

Subroutine MFLOWT

CATLBRECE
L oCr4s, MERGDL TReT

€ ALl HME VAL
RoKaL b TEME w0

ATL AMEVAL
PHCL & T3 M e Al

N

CONTINUE

CALL PRFCT
[0, C14, Cis1 TERT
—

CALL TAGAL
TCLa, €%, TEST

PRINT OUT “TAN ALEFHA
HEGATIVE FRO W MFLOW2
51 hROLTINE
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15. PERFO Subroutine
After the calculation of the points describing the nozzle contour,
the PERFO Subroutine is called to calculate and print the performance

parameters. The calculated contour points must be stored in CL(1,J) be-

ginning at the throat and BL(I,J) beginning at the exit.

The vacuum gross thrust coefficient is calculated by integrating along

the exit Mach line. Tor axisymmetric flow

2
_ 2 - Yoy
CTGE = T;’(\'M + 1.0) _E .
I)
o] A%

For two dimensional flow, replace YZCH with YCH'

The vacuum gross thrust coefficient at each point along the contour is

then calculated by the following equation for axisymmetric flow.

Crg © CTGE - J-£O 2nYdY.
For two dimensional flow, the 27Y term is omitted. The integration begins
at the exit where trapezoidal integration is used for the first point, and
parabolic integration for the remaining points. The following are the

nine parameters printed at each contour point stored in CL(IL,J).

PRF(1) - The ratio of the X coordinate to the throat radius as
stored in CL(I,1)

PKF(2) - The ratio of the Y coordinate to the throat radius as
stored in CL(I,2)

PRF(3) - The slope of the contour or tan 8 as stored in CL(IL,3)

PRF(4) - The Mach number calculated by

o 1
M= V/l + 5— , where tan ¢ = CL(I,5)
tan o
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PRF(5) - The ratio of static pressure to chamber or total pressure,

a function of W = CL(I,4)

PRF(6) - The ratio of specific heats which is input for a perfect

gas, but for an ideal gas y = czp/P

PRF(7) - The ratio of accumulated surface area to the throat area (A%).
For two dimensional flow, AS/A% = 1/A% [ds

For axisymmetric flow, AS/A¥* = 27/A* j-Yds

where ds = AdX)2 + (dY;Z

PRF(8) - The vacuum gross thrust coefficient

PRF(9) - The net thrust coefficient, which is the C

e less (1) friction

drag along the contour, and (2) subsonic losses. For a perfect

gas and axisymmetric flow, the frictional drag coefficient is

C, B2y

DRAG = 1/2 27y dX.

i
D A
! (6]

Where: the coefficient of friction (C_.) at each point is determined from

-0.578

y-1,72 . : .
Cf = Cfi 1+ .72 3 M . The equation for two dimensional flow

f

is the same except the 27Y term is omitted. For an ideal gas, DRAG =

2 y2

Cf ;,C

1/2 T A%onlc 27YdX., Again the 25Y term is omitted for two dimen-
o

sional flow. The subsonic thrust coefficient loss is an input parameter.
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16, BMFIT Subroutine

The BMFIT %ubroutine is used to calculate sets of cubic coefficients
for a spline curve fit through a series of input points. This method of
curve fitting, commonly referred to as beam-fitting, is derived in Volume
I. The calling sequence for the subroutine is:

CALL BMFIT (L,N,X,Y,E0,EN,A,B,C,D),
where:

L. - A fixed point variable denoting one of the following moment or

slope end-condition options

L=1, M = EO and MN = EN

1
L =2, M = EO and M/ = M,
L = 3, Ml = KO and Y& = EN
L =4, Ml = M2 and MN = EN
L =5, Ml = MZ and MI\% = MN—l
L=6,M =M, and Y} = EN

= ' = EO g . = EN
L 7, Y 0 and IIN E
= ' = | =
L 8, Y] EO and MN MN—l

L=9,Y'1=E0andYI‘\I=LN

N - A fixed point variable equal to the number of points to be fit

5
1

A single dimensional array containing the values of the independent

variables

Y - A single dimensional array containing the values of the dependent
variable

E0O - The moment or slope at the leading end as required by the options
L=1,2,3,7,8, and 9. (EO is zero for L = 4,5 and 6.)

EN - The moment or slope at the trailing end as required by the options

L= 1,3,4,6,7, and 9 (EN is zero for L = 2,5, and 8.)
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- .th :
M. - The woment at the 1 contour point

, .th .
Y! - The slopé at the i contour point,

A set of coefficients is calculated for the interval between each
input point and then stored in the onc dimensional arrays A, B, C, and
. th |
D. For the i intevval,

3 2 N
Y o= 4. X + B, X +C X+ D,
1 L 1 1
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Subroutine BEFI

N = M
KN =3%(L-1./3) - 2®L
KO = (L~1)/3

A{Jy - X{(0) - X(J-1)
DI =(Y{I)-Y(I-1}}/A(D)

CIN 3. (SLOPEN-D(N))/A(N)

Ki3=N
Ki-1

T=2 #(A(N) FA(N-1})

T=3 ®A(N)+A(N-1)+A(N-1)
SLOPEN = 0.0
%

Pratt & Whitney Rircraft

T

/r Ki =2

PWA FR-1021
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B(1):{6. *(D{2)-SLOPEQ)}-C(2)*A(2)/{A{2)x{2. -B{2}))

X

B(1) = SLOF'EO
B(2) = C(2)-B()=R(1)

B(2)=B(1}

B{L)a(b, #(L{3)-D{21) -A(3)FC{3))/ (3. ¢ A(L+A(3I=(2. -B(2))

)¢

Kl-=3

BIN) = SLOPEN TN

C{N-1)=(6 ~{D(N)-D(N-1))-SLOPEN*A(N)} /T
B{N-1}=AN-IY/T

K3-N-1

Fi=2

LB(J%C(J)-B(J}’ B{J-1) ]

K=N-J

T=2 #(A{E)+A(K+]1)) -A(K+]1)*B(K+1)
B(K):A(KM/T
Cli = (6. +{D{K+1)-D(K))-A{K+1)*C(K+1)}/ T

TA = 6. %A(J)
TM = B(J-1)%X(J)
TN = X(J-1)*B{J)

TX = X{HHX(DN-X(J-1)-X(I-1})
TY = X(I-D=X{N+X(N-X{I-1))

A{J-1) = (B(J)-B{3-1)}/TA

ClI-1):D(I)+H{BII)*{-TX}+2. #X(J-1)*TN-B{I-1)*TY-2 *X{J)*TM}/TA

B(J-1)=(TM-TN)*3. /TA

DHI-1)A(TX*TN+TYSTM)/TA+Y{T-1)-X(J-1)*D{J)}

[CONTINU

0
[yl
e

"
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17. BMEVAL Subroutine

After a curve that is represented by a set of input coordinates has
been fit by the BMFIT Subroutine, the BMEVAL Subroutine is used to evaluate
the curve and its first derivative for a given value of the independent

. . ‘ . . , 3 2
variable. The subroutine solves the cubic equation Y = AX™ + BX ™ + CX + D

after searching for the set of coefficients corresponding to the given

value of the independent variable.

The eleven parameters that make up the call list of the BMEVAL Sub-

routine are as follows:

N - The number of coovrdinates describing the curve
X - Contains values of the independent variable in increasing
order (maximum of 100)
Y - Corresponding values of the dependent variable (maxinum of 1060)
VALU -~ Value of the independent variable at which the curve is to be

evaluated,

L - Error signal
L = -1, curve is out of range to the left
L = 0, curve is in range
L = 41, curve is out of range to the right
A,B, - Contain the coefficients of the cubic equation for intervals
c,D
between each input coordinate (these coefficients are calculated
in the BMIIT Subroutine)
YVALU - The calculated value of the dependent variable corresponding to
VALU
DERIV - Calculated value of the first derivative corresponding to VALLU.
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Subroutine BMEVAL

CONTINUE

PWA FR-1021
Volume IV

DERIV = M{J) # 13% M(J) = A(3) + 2.7 B(D] + ¢

J-1

YVALU = VALU # {VALU * [VALU * A(J-1) +B(J-1)7 + C(I-1)} + D(I-1)

DERIV = VALU # [3. * VALU * A(J-D + 2. * B{J-1}) ]+ C(J-1)

I1-51
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SECTION III
INPUT - OUTPUT

The INPUT Subroutine is used to initialize coﬁstants and to load the
input data. After loading the required data, this subroutine reads any
of the optional input with a scatter loading feature that terminates with
an END card. The following is a detailed outline of the input procedure.
A sample input sheet is shown in figwe 13, which corresponds to the out-
put results given in Paragraph B.

A. INPUT FORMAT

All data cards must contain the FORTRAN variable name in card columng
1 - 6 (adjusted to the left). For single-valued variables, the number
must be in columns 7 - 16. Depending on the gas model option, the para-
meters under Required Input must be in the order listed. The Optional
Tnput has no particular order anﬁ is terminated by a card with END in
columns 1 - 3. Each optional input variable will equal the built-in
value, unless another number is input. The built-in value is restored
between nultiple cases.

1. Required Input
a. General
TITLE — Any information to be printed as a heading at the
beginning of the output will be placed in columns 7-72.

EM — Design or exit Mach number
b. Gas Model Option

(1) Perfect Gas (Constant Specific Heat Ratio)

GAMMA — Specific heat ratio

I1I-1
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(2) 1deal Gas (Table of gas properties is required and must follow

the END card)

(a)

(b)

Local Sound Speceds Calculated by Program

XN — The number of cards in the table of gas properties
PC ~— Chamber pressure, psi

Local Frozen Sound Speeds from Table of Gas Properties
FROZEN Must be non-zero

XN — The number of cards in the table of gas properties

PC — Chamber pressure, psi

Optional TInput

Name

FCON

M

CYLHT

XisUM

WEXPAN

EXTMAX

DELTR

FPRINT

CFl

DRAG

Built-In Description
Value
1.0 FCON :: 1.0, axisvmmetric flow

FCON = 0.0, two-dimensional flow

1.005 Throat. Mach number or Mach
number at which calculations end

.01 Ratio of the plug height to throat
radius at the exit

60. Number of points on the exit Mach
line
.0001 Initial increment of velocity for

corner expansion
.005 Maximum expansion increment

-.001 Increment of tan 6 for bracketing
contour point in PLUGPY Subroutine

0.0 FPRINT = 0.0, no flow field print
FPRINT = 1.0, flow field print

.003 Incompressible skin friction coefficient
along nozzle contour

.011 Thrust loss at the throat

III-3
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Name Built-In Description
Value
TOLMF . .000001 Tolerance on mass flow balance
XTOL .000005 Tteration tolerance for Mach line

interscections

PHI -.5 Angle of rotation for interior point
intersections (radians)

A card with END in columns 1 - 3 must follow the last optional input
card.

For an idcal gas, a table of gas properties must be input. The first
card is a title card describing the gas model, and the second card contains
in column 2 - 15 the specific impulse, (lh{%%gs_>’ at the throat. Each
of the remaining cards must contain corresponding values of specific im-
pulse (lb{%igs> , pressure {psi), and density (1bm/ft3) in columns
2-15, 16-29, and 30-43, respectively, with the local sound speed (ft/sec)
in columns 58 - 71.

B. OUTPUT DESCRIPTION

The first page of the output includes the title and values of important
input parameters. If there is no flow field printout, the following lines
of output beginning on the next page are the nine performance parameters at
points along the contour, as explained in the PERFO Subroutine. A sample
of the program output is shown in figures l4a and 14b.

C. PROCEDURES FOR CORRECTING PROGRAM FAILURES

1f the flow field construction is close to the throat, it is normal
for the calculations to end due to a subsonic velocity before the desired
minimum velocity is reached. Even though a program failure is indicated,

the performance is printed beginning with the point of the smallest super-

sonic velocity calculated on the contour.
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Whenever any failure occurs, the performance of any portion of the
contour which has been calculated will be printed. If the smallest Mach
number is not reasconably close to Mach 1, usually one of the following
procedures will allow the flow field to he constructed closer to the throat.

1. If the mesh is too large, increase the number of points on the

exit Mach line with a larger value for XNUM and/or decrease the
expanzion increwent with a sualler valuc ror EXPMAX.

2. For an iteration failure of the mass flow balance in the PLUGPT

Subroutine, adjust cylinder height and/or the iteration tolerance.

3, Fer high exit Mach number designs the flow is turned more than 90°

at the expansion point. In this case, the program ends calculatiens

when the Y/Rf coordinate on the contour is greater than 1.0.
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~ Subroutine [NPUT

t

WRITE CQUTPUT TAFE

VAR
PRINT CTHY Bl J004]
NAME Is NOT PART CF
INPUT 116 T

r s .
— READ [PUT TAPE
1 N l FIITLE
REATINIILT TAr £
WAR, VAL R
READ INUUT TAPE
SONTEY

'READ INVUT 1A1F
W PO RO VS

=)

CONTINLEL

N |
TEsT e 0
| SR |
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APPENDIX A
SYMBOL TABLE

Theoretical throat area
Local speed of sound
Cocfficient of friction
Gross thrust coefficient
Net thrust coefficient
Specific impulse

Mach number

Pressure

Maximum velocity
Sonic velocity

Velocity raLid; either V/V or V/V .
max sonic

Mass flow rate

Mach angle

Ratio of specific heats
Density

=1 for axisymmetric flow

=0 for two-dimensional flow

Angle between velocity vector and axis of symmetry

Volume

v



Variable

Al

A2

A3

AMFLOW

A

ASTAR

Bl

B2

B3

BL

Cl

C2

C3

CFl

CL

Dimension

100
100
100

200,6

100
100
100

500,6

100
100

100

500,6

Pratt & Whitney Rircraft
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APPENDIX B

FORTRAYN SYMEOL TABLE

(COMMON)

Description

Coefficients of Xj for ¢ vs W beam fit
Coefficients of X3 for ¢ vs W beam {it
Cocfficicents of Xj for P vs W beam fit

Variable used to store, X, Y, tan &, W, tan «, and

w on a down Mach line
Accumulated mass flow

For storing ¥, Y, tan 2, W, and tan &; usually
represents the point on an up Mach line

Minimum throat area
. 2 .
Coefficients of X7 for ¢ vs W beaw fit
N 2 . .
Coetficients of X° for o vs W beam fit
. 2 5 . .,
Coefficients of X° for P vs W beam fit

Variable used to store, X, Y, tan £, W, tan & and

w on & down Mach line

For storing X, Y, tan %, W, and tan «; usually
represents the point on a down Mach line

Cocfficients of X for ¢ vs W beam fit

Coefficients of X for vs W beam fit

(o]

Coefficients of X for P vs W beam fit
Incompressible cocfficient of skin friction

Variable used to store, X, Y, tan 9, W, tan u,
and w at calculated points along the contour
For storing X, Y, tan &, W, and tan «; normally

used in the calculation of a Mach line inter-
section



Variable

CYLHT

D]

b3

DELTE

DRAG

EM

EXPHAX

FCON

FM

FPRINT

NCP

N

NUM

PC

P

RHOSON

RO

Dimensicn

100

100

100

100

100

Pratt & Whitney Rircraft
PWA FR-1021
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Description

Value of Y/R at the cxit contour point

Contains the constants {rom the beam fit of
sound speeds

Contains the constants from the beam fit of
densities

Contains the constants from the beam fit of

pressures

Increment of tan £ for bracketing a contour
point in mass flow balance iteration

Value of accumulated drag along contour

Input value of exit Mach number

Maximum increment of W for corner expansiorn
Indicates two-dimensional or axisvametric flow

Input Mach number for constant Mach numbery
starting line

Indicates whether flow field is to be printed

For an idcal gas this indicates that input
values of local frozen sound speeds are uscd

Specific heat ratio when constant

The number of the first supersonic value of
W in table of gas properties

The number of calculated contour points

Number of cards making up table of gas pro-
perties

The number of points along exit Mach line
Chamber pressure, psi, {or ideal gas option
Contains the values of pressure for ideal gas
Density evaluated at the sonic velocity

Contains the values of density for ideal gas

B-2



Variable

SONICV

TITLE

TMFLOW

TOLMF

'S

WEXPAN

W

WS0C2

XN

XNUM

XTOL

Dimension

10

100

100

Prott & Whitney Rircraft
PWA FR-1021
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Description

The sonic velocity

To store and print the title card

Total mass flow through the nozzlec
Iteration tolerance on mass flow balance

Contains the values of local sound speeds for
ideal ¢as

Starting increment of W for corner expansion
Contains the values of velocity ratio for ideal
gas

The sonic velocity squared

Fleoating point variable for N

Floating point wvariahle for NUM

Iteration tolerance for Mach line intersections,



